We hypothesized that the current practice of radiology produces oculomotor fatigue that reduces diagnostic accuracy. The initial step in testing this hypothesis is to measure visual strain. We are approaching this by measuring visual accommodation of radiologists before and after diagnostic viewing work. We measure accommodation using the WAM-5500 Auto Refkeratometer from Grand Seiko, which collects refractive measurements and pupil diameter measurements. The radiologists focus on a simple target while accommodation is measured. The target distances are varied from near to far starting at 20 cm target distance from the eye to 183 cm. The data are compared for prior to and after long-term diagnostic viewing. Results indicate that we are successfully measuring visual accommodation. Accommodation at long distances does not seem to differ before and after diagnostic reading. Accommodation at near distances however does differ, with decreased ability to accommodate after many hours of diagnostic reading. Since near distances are crucial during diagnostic reading, this could have a substantial impact on diagnostic accuracy (the next phase of the project).
While the great strides in the distribution of medical imaging over networks have important practical advantages, potential associated costs in diagnostic accuracy cannot be ignored. Routing imaging studies to radiologists over digital networks increases access to sub-specialists and previous imaging studies. It makes the transfer of reports more rapid and increases productivity, but an unexpected by-product is that the radiologist now reads more studies, each containing more images. Furthermore, digital displays offer less contrast than film and reduced spatial resolution, information used by the visual system to regulate image focus, single vision, and direction of gaze. This change in the practice of radiology may strain the oculomotor system of the radiologist and reduce diagnostic accuracy. Our overall hypothesis is that the current practice of radiology produces oculomotor fatigue that reduces diagnostic accuracy. One step towards testing this hypothesis is to measure visual strain. We are trying to achieve this by measuring visual accommodation of radiologists before and after diagnostic viewing work.
Close work of any kind for hours on end can overwork the eyes, resulting in eyestrain (known clinically as asthenopia).
1,2 With non-medical computer displays, just four hours is sufficient to produce asthenopia 3 and there is some evidence that prolonged computer use may even induce myopia in many computer users. 4, 5 Oculomotor fatigue caused by close work with digital displays may add to the effects of extended workdays and aging eyes. 6 Although eyestrain has not been studied in radiology, we do have preliminary data showing that radiologists report increasingly severe symptoms of eyestrain, including blurred vision and difficulty focusing (see Table 1 ), as they read more imaging studies. 7 It is not simply a function of how long they spend reading the cases, but is also a function of how many cases they read in a sitting. They also reported that other physical symptoms such as backaches, should pain and general physical discomfort were prevalent. The symptoms were assessed for film viewing only, digital viewing only, and a combination of film and digital viewing. Symptoms of fatigue and stress were considered worst when they had to switch off between film and digital viewing throughout the day and were least significant when reading only film cases. Digital reading fell between the two extremes. Eyestrain is caused by additional work that oculomotor systems must perform to maintain accommodation (focus), convergence (single vision), and gaze (directing the fovea). Accommodative asthenopia is caused by strain of the ciliary muscles, whereas muscular asthenopia is caused by strain of the external ocular muscles. Both lead to physical symptoms: blurred or double vision, headaches, and pain in and around the eyes. Therefore, there is not a single potential cause of symptoms, and the presence of a symptom may indicate any of several different malfunctions of oculomotor control. Different work environments stress the eyes in different ways. 8 For example, inertial forces acting on the eyes of a pilot are not present in the radiology reading room. Likewise, perceptual activities, such as cine display of a computed tomography (CT) dataset under viewer control, are not found in other work environments. Several kinds of oculomotor fatigue have to be measured to determine what breakdowns in physiological mechanisms underlie the symptoms that radiologists experience. We are unlikely to discover root causes or formulate effective countermeasures without this detailed knowledge.
Our long-term goal is to determine whether increased visual fatigue that results from long hours of near computer viewing degrades diagnostic accuracy. In order to study the effect on diagnostic accuracy, however, we must first demonstrate our ability to measure visual fatigue in a reliable manner. The goal of the present investigation is to demonstrate that we can assess visual fatigue/stress by measuring visual accommodation, and to study changes in accommodation as a function of hours of near viewing work.
METHODS
A common objective measure of visual fatigue in studies of visual displays is accommodation. The lens of the eye is used to alter the refraction of light entering the eye to focus images on the retina. The lens is covered by an elastic capsule whose function is to mold the shape of the lens -varying its flatness and therefore its optical power. This variation in optical power is called accommodation, and it occurs as the eye focuses on a close object. There is a default accommodation distance, called the resting point of accommodation (RPA) or the distance at which the eyes focus when there is nothing to focus on. For younger people the RPA is about 30 inches; with age the RPA moves out. We are measuring accommodation using the WAM-5500 Auto Refkeratometer from Grand Seiko, which collects refractive measurements and pupil diameter measurements. In brief, the subject is seated in front of the device with the chin in a chinrest and the forehead against a headrest to maintain a stable position (see Figure 1) . The device obtains an image of the eye and the operator aligns the eye with a reticule mark using a joystick (see Figure 2) . Once the eye is focused properly, measurement begins automatically with the press of a button. We selected a series of near and far targets (a large asterisk -see Figure 3 ) for the subject to fixate while measurements are recorded. The target starts on a rod attached to the device for near-viewing targets (see Figure 3) at 20, 25, 33, 40 and 50 cm from the eye (these correspond to 5, 4, 3, 2.5 and 2 diopters respectively). We then attach the target to a stand (see Figure 4 ) that we can move to farther distances to measure far-viewing targets. A black curtain is placed behind the final target distance to eliminate any distractions for the subject. The targets for far-viewing are set to 2, 3, 4, 5 and 6 feet from the subject's eye. The targets are kept at the same height and orthogonal position relative to the subject's eye throughout the testing procedure.
fl Figure 1 . The WAM-5500 accommodation device. The subject (seated in back) looks through a screen at a target (not shown). The screen at the bottom left shows the subject's eye. The joystick is used to center the eye for obtaining measurements. 
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Subjects are radiologists and radiology residents. We are collecting data at two points in time for each subject. Once in the morning (prior to any diagnostic reading activity) and once in the late afternoon (after a day of diagnostic reading). Each session takes approximately 30 minutes to complete. Figure 5 shows the recording screen that the experimenter sees during the data collection process.
RESULTS
To date we have completed data collection (before and after work day measurements) on four radiologists. The results are summarized in Figure 6 , in terms of measured error in accommodation, which can be taken as a reflection of the effort needed to accommodate the target. The near target distances (20 cm) start on the left and get progressively farther away to the right (ending at 183 cm). The y-axis shows the ability of the subject to accommodate where the "0"-line represents good accommodation. It can be seen that for all distances the accommodation measures after a day of near distance reading are worse (do not accommodate as well) than for the before reading measurements. An analysis of variance (ANOVA) was used to examine the data. There was a statistically significant difference (F = 1133.831, p < 0.0001) in the accommodation error data between before and after near work and as a function of distance (F = 1450.354, p < 0.0001). As already noted, the ability to accommodate is degraded after a day of near work reading compared to before. In terms of viewing distance, as the target progressively gets closer and closer to the readers' eyes (i.e., as it simulates near work reading) the ability to accommodate gets progressively worse as well (left side of Figure  6 ). As the target gets farther away (right side of Figure 6 ) and the reader is no longer required to focus on a close target, the ability to accommodate improves. It is interesting to note that the ability to accommodate to the far targets tends to be worse after a day of near viewing compared to before starting to read cases.
CONCLUSIONS
Preliminary data on error in visual accommodation suggests that radiologists are visually fatigued at the end of a day reading diagnostic images from digital displays. The degradation in accommodation seems to be more severe for near vision -which is as we expected. It is our primary concern -reading images from digital displays is near work and thus requires good accommodation. If the muscles required to accommodate at near distances become fatigued as the day progresses, the subject has a harder time focusing on the display properly. Without the ability to focus properly, it must be more difficult to detect and discriminate lesions -especially those that are subtle and/or camouflaged. This study will be followed by further studies in which diagnostic accuracy and error in accommodation are measured with subtle fractures and chest nodules on CT images. We will test radiologists at the same time of day at the end of academic and clinical reading days. If radiology reading results in visual fatigue that degrades detection accuracy, then accommodation and detection accuracy should both suffer following clinical days relative to performance on academic days where less time is spent at the computer.
